Background--Ketone bodies are known to substitute for glucose as brain fuel when glucose availability is low. Ketogenic diets have been described as neuroprotective. Similar data have been reported for triheptanoin, a fatty oil and anaplerotic compound. In this study, we monitored the changes of energy metabolites in liver, blood, and brain after transient brain ischemia to test for ketone body formation induced by experimental stroke.
S
troke is a leading cause of death and disability, 1,2 a situation partly caused by a scarcity of successful treatments such as pharmacological interventions with recombinant tissue plasminogen activator or a mechanical thrombectomy. 3, 4 Because of a high number of unsuccessful clinical studies with neuroprotective agents, 5, 6 dietary approaches to reduce the severity of brain ischemia have gained popularity in the past decade. Although glucose is the main fuel of brain metabolism, 3 ketone bodies such as acetoacetate and b-hydroxybutyrate (BHB) can replace up to 50% of glucose to deliver the necessary metabolic energy for brain function. This contribution is particularly important during early life and during starvation. 4 In brain ischemia, hyperglycemia is known to be detrimental, whereas ketone bodies are associated with significant benefits. In fact, fat-rich and ketogenic diets have been proposed as neuroprotectants, 5 and animal data indicate beneficial effects of ketogenic diets in experimental stroke studies. 6 Moreover, BHB administration has been found to prevent neuronal cell death in cell cultures and in animal models of neurological disease. [7] [8] [9] An alternative to the ketogenic diet may be triheptanoin, a triglyceride containing heptanoate, an odd-numbered C 7 -fatty acid. Triheptanoin is postulated to act as an anaplerotic compound replenishing substrates of the citric acid cycle such as succinate. 10 Triheptanoin is beneficial in long-chain mitochondrial b-oxidation disorders. 11 Recent work has also
shown that triheptanoin is beneficial in epilepsy, where the ketogenic diet has long had a place in treatment. 12 We reported previously that a triheptanoin-rich diet reduced neuronal cell death after transient brain ischemia in mice. 13 Because preliminary data from our laboratory showed that triheptanoin also induced ketogenesis, we initiated the current study in which we compared a standard diet, a triheptanoin-rich diet, and a soybean oil diet for their effects on glucose and BHB levels in liver, blood, and brain. We found a dramatic, stroke-induced ketogenesis in mice on fat-rich diets that was accompanied by opposite changes of glucose levels and that was prevented by blockade of adrenergic b-receptors.
Methods Experimental Groups
Female CD-1 mice (29-32 g; Charles River Laboratories) were used for the experiments. They were kept in standard cages, under 60% humidity, 22°C temperature, and a 12 hour-light/dark cycle. Food and water were available ad libitum. The study was registered with the local animal committee (Regierungspr€ asidium Darmstadt).
In accordance with GV-Solas guidelines, all procedures were designed to minimize the suffering of the experimental animals.
Mice were randomized to study groups using a computer program for random number generation. In total, 173 mice were used for this study. Overall, 24 experiments could not be followed through because of surgical problems (insufficient blockade of the middle cerebral artery, continuous bleeding during reperfusion), and the mice had to be sacrificed. In 17 experiments, analytical problems caused a failure to obtain data (lack of perfusion in the microdialysis probe, problems during sample workup and gas chromatography-mass spectrometry measurements). The results shown in Figures 1 through 6 were obtained from 132 successful experiments (with an average of 8 experiments per group). Separate experiments were performed for the generation of figures, except that results in Figures 3 and 5 were from the same group of animals. Analytical measurements by gas chromatographymass spectrometry were done by 3 different investigators, with identical results.
Three dietary groups were used: a standard carbohydraterich diet, a triheptanoin-rich diet, and a soybean oil-rich diet. Diets were isocaloric and were fed for 3 weeks, with food and water available ad libitum. The standard diet (Altromin 1326 for mice; Altromin Co) contained 64% carbohydrate, 24% protein, and 12% fat (calculated as percentages of calories). The triheptanoin diet (Ssniff Co) contained 14% triheptanoin (wt/wt), which represents 35% of total caloric intake (carbohydrates 48%, protein 17%). The fat-rich diet consisted of the same caloric amount of soybean oil (35%) with 48% carbohydrates and 17% protein and was also prepared by Ssniff Co. The amounts of fiber (4%) and ash (5.5%) were identical in the 3 diets, as were the food additives, which included vitamins A, C, D 3 , E, K 3 , and copper.
The study consisted of 2 parts. In the first part (Figures 1  and 2 ), the triheptanoin-rich diet was compared with the soybean oil diet, similar to previous studies. 12, 13 Both diets had the same composition, except for the fat constituent (see above). In this experiment, mice were implanted with microdialysis probes before stroke induction, and metabolite levels were measured in dialysates. In addition, the concentrations of BHB and some energy metabolites (citrate, succinate, fumarate, malate) were measured by gas chromatography-mass spectrometry in plasma and in liver and brain homogenates.
In the second part of the study (Figures 2-6 ), mice were fed either the soybean oil-based fat-rich diet or the carbohydrate-rich standard diet (Altromin 1326). In this experiment, glucose, BHB, and energy metabolites were measured by gas chromatography-mass spectrometry in liver, blood, and brain homogenates. In some experiments, 2 mg/kg of (AE)-propranolol hydrochloride (99% pure, dissolved in saline; Sigma-Aldrich) was given by intraperitoneal injection 15 minutes before the induction of stroke. blood plasma, and (C) brain homogenate (ischemic hemisphere). Samples were taken either from untreated animals (Ctl.) or immediately after 90 minutes of transient middle cerebral artery occlusion (stroke) in mice kept on a standard diet (Standard) or on a diet rich in soybean oil (Soy-oil). Data are given as meanAESD (n=6). Statistics were calculated by 1-way ANOVA and Tukey post-test; **P<0.01 vs standard diet; ## P<0.01 vs Ctl.
Transient Middle Cerebral Artery Occlusion
The procedure was performed as described previously. 14, 15 Briefly, mice were anesthetized using isoflurane (2% in synthetic air), their body temperature was kept constant using a thermostatic device, and buprenorphine (0.1 mg/kg IP) was injected as an analgesic 15 minutes before performing surgery (this injection was repeated 8 hours later). After a paratracheal incision, a silicone suture (size 6-0; Doccol) was inserted inside the left Arteria communis and advanced into the middle cerebral artery, where the silicone top of the filament blocked perfusion of the vessel. Cerebral blood flow was monitored with a laser Doppler monitoring device (Moor Instruments) to ascertain ischemia (<15% of blood flow versus basal). After 90 minutes, the suture was removed to allow reperfusion. Mice were sacrificed under isoflurane anesthesia either immediately after ischemia or after 60 minutes of reperfusion.
Microdialysis
At 24 hours before inducing stroke, we implanted a self-built microdialysis probe into the left striatum, as described previously. 14, 15 The probe was implanted under isoflurane anesthesia with the following coordinates (from bregma): anteroposterior +0.5 mm; lateral À2.2 mm; and dorsal ventral À3.8 mm. 16 After surgery, local anesthetic was applied to the surgical site, and mice recovered for 24 hours in their home cages. On the day of surgery, probes were perfused with artificial cerebrospinal fluid (147 mmol/L NaCl, 4 mmol/L KCl, 1.2 mmol/L CaCl 2 , and 1.2 mmol/L MgCl 2 ) at 2 lL/min. Fractions were collected in 30-minute intervals.
Gas Chromatography-Mass Spectrometry Measurements
Blood plasma, liver, and brain samples were harvested immediately after decapitation of mice, frozen in liquid nitrogen, and stored at À80°C until measurement. Brain and liver homogenates were extracted using a biphasic 
Statistical Analysis
Values are expressed as meanAESD of n experiments. Statistical significance between treatment groups was evaluated by 1-way ANOVA with Tukey post-test, using GraphPad Prism software version 5.0.
Results

Effects of Fat-Rich Diets on Energy Metabolites and Ketone Body Formation During Brain Ischemia
In the first experiment of our study, we compared 2 fat-rich diets, the triheptanoin-rich diet and a soybean oil diet, with the standard diet. Although fat content in the 2 fat-rich diets was identical in terms of calories, it should be noted that soybean oil has a high amount of C 16/18 fatty acids, whereas triheptanoin consists of glycerol esterified to C 7 -heptanoic acid. Microdialysis was performed before, during, and after ischemia. The data (Figure 1 ) demonstrate that, as described previously, 14 brain ischemia resulted in a rapid drop in brain glucose and a significant increase in lactate in all 3 dietary groups. Glucose and lactate levels normalized during reperfusion, with mice on the soybean oil diet showing less rapid recovery for lactate than the other 2 dietary groups ( Figure 1A and 1B). The opposite was observed for glucose ( Figure 1A and 1B). Interestingly, however, a significant %5-fold rise in BHB was observed in the 2 dietary groups on fat-rich diets ( Figure 1C ) and also normalized during reperfusion. No significant increase of BHB was seen in mice on the standard diet ( Figure 1C ). In the following experiments, metabolite levels were measured in liver, in blood plasma, and in homogenates of the brain ischemic hemisphere. We found that ischemic stroke induces massive formation of ketone bodies in the liver (Figure 2A ), the organ mainly responsible for ketogenesis. In the liver of triheptanoin-fed mice, BHB rose from a basal level of 181AE97 to 2031AE787 lmol/L during brain ischemia, an 11-fold increase. In the soybean oil-fed group, BHB rose from 258AE46 to 3.688AE1179 lmol/L, a 14-fold increase. In comparison, this huge increase was not seen in mice fed the standard diet. Although the hepatic BHB level rose >2-fold (from 406AE108 to 1095AE525 lmol/L) in these mice, this increase was not statistically significant ( Figure 2A) .
Concomitant with ketone body formation in the liver, plasma concentrations of BHB rose from 187AE69 to 641AE203 lmol/L in triheptanoin-fed mice and from 61AE42 to 924AE565 lmol/L in soybean oil-fed mice, respectively; again, mice on the standard diet showed a much less prominent increase (from 124AE46 to 261AE152 lmol/L) after transient middle cerebral artery occlusion. Finally, increases in BHB were also reflected in brain homogenates: basal levels were 134AE90 lmol/L in triheptanoin-fed and 105AE33 lmol/L in soybean oil-fed mice, whereas during ischemia, values increased to 1207AE380 and 1387AE561 lmol/L, respectively. BHB levels were not significantly changed in mice on the standard diet ( Figure 2 ). These data demonstrate that ischemia in the brain causes a dramatic ketogenesis in the liver, which in turn leads to a several-fold increase of BHB in blood plasma and the brain. This ketogenesis occurs only in mice that were previously fed the triheptanoin diet or the soybean oil diet, not the standard carbohydrate-based diet.
In addition to BHB, we measured a range of metabolites in the brain to test for triheptanoin's anaplerotic effects. In particular, we measured succinate, a metabolite of the citric acid cycle that was postulated to be formed from propionyl-CoA, a metabolite of C 7 -heptanoic acid in triheptanoin. [10] [11] [12] Succinate levels under basal conditions were 696AE151 lmol/L after the standard diet and were higher in triheptanoin-fed mice (1010AE387 lmol/L; P value not significant versus standard diet) and in the soybean oil group (1256AE324 lmol/L; P<0.01 versus standard diet). However, succinate levels were only slightly, and not significantly, increased in either of the diets after ischemia. Consequently, in this study, we found no direct evidence that triheptanoin acted as an anaplerotic substrate supplying succinate into the citric acid cycle. However, formation of propionate or succinate, possibly in specialized compartments such as mitochondria, may have occurred and may explain the neuroprotective activity of triheptanoin observed in our previous study. 13 Because triheptanoin's metabolic actions in the present study strongly resembled those in the soybean oil-rich diet, and because we failed to obtain additional triheptanoin from manufacturers or commercial sources, we continued our study with a comparison of the standard diet and the soybean oil diet. Figure 3 summarizes the data on glucose levels in liver, plasma, and brain. We found that the concentration of glucose in the liver was 2-fold higher after the standard diet compared with the soybean oil diet group (P<0.01) ( Figure 3A) . No significant changes in liver glucose were observed after stroke. Basal plasma glucose levels were identical in the dietary groups ( Figure 3B ). Remarkably, plasma glucose levels decreased strongly during brain ischemia in both groups of mice, reaching levels of only 10% to 15% of basal levels corresponding to hypoglycemia (1.3-1.5 mmol/L) (Figure 3B) . In the brain, as in liver, glucose concentrations were 2-fold higher in mice on the standard diet ( Figure 3C ). Ischemia caused a reduction in glucose levels to 30% to 35% of basal levels in both dietary groups. Taken together, these data show that glucose levels, at least in blood and brain, changed in opposite ways to BHB, namely, they fell when BHB levels went up. Next, we wanted to know how brain fuels glucose and BHB changed when perfusion was reinstated after brain ischemia. In mice on the standard diet, 60 minutes of reperfusion did not cause major changes in glucose or BHB in the brain (Figure 4) . In mice on the soybean oil diet, however, the high concentration of BHB observed after stroke was much reduced after reperfusion; concomitantly, glucose levels were much increased, even beyond basal levels ( Figure 4) . In mice on the soybean oil diet, reperfusion was accompanied by a fall in BHB levels in the brain and reactive hyperglycemia.
Influence of Brain Ischemia on Energy Metabolism: Comparison of the Standard Diet and the Soybean Oil Diet
Because BHB is a precursor of acetyl-CoA and acetyl-CoA is a precursor of citrate in the citric acid cycle, concentrations of citrate may serve as an indicator of cellular energy production. We measured the concentrations of citrate and other metabolites of the citric acid cycle and found that citrate concentrations were higher in liver, blood plasma, and brain in mice fed the soybean oil diet (P<0.01) ( Figure 5 ). Citrate levels in these mice, however, were unchanged in liver and brain (and decreased in plasma) after stroke. In contrast, in mice fed the standard diet, citrate levels increased after stroke, reaching levels equal with the soybean oil diet group. Other metabolites (ie succinate, fumarate, and malate) did not show significant differences under either basal of ischemic conditions (data not shown).
Effects of Propranolol on Stroke-Induced Ketogenesis
The sympathetic system is known to play a major role as a regulator of metabolism; therefore, in the final experiment, we chose to test whether b-adrenergic receptors were involved in stroke-induced ketogenesis. We applied propranolol (2 mg/ kg IP), a nonselective b-blocker, immediately before stroke and observed a dramatic shift of the glucose/BHB ratio in the liver (Figure 6 ). In mice on the soybean oil diet, the strokeinduced manifold increase of BHB was completely prevented in the presence of propranolol, but glucose levels were increased by 3-fold. In comparison, much less effect was seen in mice on the standard diet, in which hepatic levels of BHB and glucose were slightly decreased ( Figure 6) . These results clearly demonstrate a role for the adrenergic system in the balance of glucose and/or BHB formation in the liver.
Discussion
Glucose is the major fuel of the brain, but BHB can substitute for glucose under conditions of hypoglycemia. [18] [19] [20] Ketogenesis (BHB formation) occurs largely in the liver and is a physiological response induced, for instance, by starving. 21 The main finding of our study is that brain ischemia, induced by middle cerebral artery occlusion in mice, causes massive formation of ketone bodies in the liver, followed by an increase of BHB in the brain. This effect is dependent on diet and occurs to a great extent only in mice fed a fat-rich diet.
In the first part of the study, we compared the standard diet with 2 fat-rich diets, a soybean oil diet and a triheptanoinrich diet; in both cases, the fat content represented 35% of total calories. In contrast to our previous findings with a strictly ketogenic diet, 22 these diets did not cause major ketosis by themselves (Figures 1 and 2 ), but they facilitated systemic ketosis when brain ischemia was induced. Our microdialysis data show that, with fat-rich diets, brain ischemia leads to a several-fold increase of BHB in the brain extracellular space, whereas no increase is seen after the standard diet. BHB is known to be brain permeable and to enter the brain dependent on its plasma levels. 23 A more detailed analysis of BHB levels demonstrated a >10-fold increased BHB concentration (reaching 2-4 mmol/L) in the liver of mice on fat-rich diets, measured after 90 minutes of transient brain ischemia. Mice on the standard diet responded with minor %2-fold BHB formation (Figure 2 ). Concomitantly, with fat-rich diets, BHB levels were high in both blood plasma and brain homogenate (%1 mmol/L).
It is generally accepted that the liver is the predominant site of ketone body production, whereas other organs, including glial cells in the brain, may be able to form small amounts of BHB. 4, 24 Ketone body formation is typically seen at low glucose levels when alternative substrates are needed for fuel consumption. In our hands, BHB and glucose levels were changed in an opposite manner after stroke (Figures 2  and 3 ). After stroke, plasma glucose levels were strongly decreased, whereas BHB was high. Liver glucose levels remained high, but this may partly be due to enhanced glycogen breakdown, which was not measured in our study. Similarly, brain glucose levels dropped when BHB levels rose. When reperfusion was allowed, BHB levels in the brain reached normal levels within 1 hour, whereas glucose concentrations increased above normal levels (reactive hyperglycemia) (Figure 4 ). Taken together, stroke induced a hypoglycemic response that was accompanied by hepatic BHB production and uptake of BHB in the brain, reflected by increased extra-and intracellular concentrations of BHB. It is remarkable that stroke-induced ketogenesis was almost completely blocked when the b-blocker propranolol was administered before stroke induction (Figure 6 ). At the same time, glucose levels in mice on the soybean oil diet increased under propranolol. This effect of propranolol is a preliminary finding, but it deserves further study. Brain ischemia is known to activate sympathetic outflow, which causes the release of adrenaline from the adrenal medulla. Adrenaline is expected to release glucose from the liver, an action that is mediated by b2-adrenergic receptors. This may explain the reduction of plasma glucose in mice on the standard diet ( Figure 6 ). Sympathetic activation in the liver may also occur; however, previous work demonstrated that this is not a signal for ketogenesis. 25 Adrenaline as well as sympathetic outflow is also known to increase free fatty acids in the blood, an effect that favors ketone body formation. 26, 27 Propranolol may reduce BHB formation indirectly by lowering free fatty acids, but this idea was not tested in the present study. Alternatively, propranolol may also have central effects on metabolic signaling, 28 or it may influence plasma levels of insulin and glucagon, which are also known to regulate ketogenesis. 29 Once formed, BHB may exert a positive influence on sympathetic activity mediated by hydroxycarboxylic acid (HCA2) receptors or free fatty acid (FFA3) receptors receptors. 30, 31 Clearly, additional studies are required to identify the role of b-receptors in stroke-induced ketogenesis. Finally, we also measured intermediate metabolites of the citric acid cycle for several reasons. First, succinate has raised a lot of interest as a receptor agonist and a potential mediator of antioxidant responses, 32, 33 and succinate was also postulated to be a product of triheptanoin metabolism expected to replenish succinate for the citric acid cycle. [10] [11] [12] [13] In this study, however, succinate was low in plasma and microdialysate (<1 lmol/L; data not shown) and, more important, was not significantly changed in either liver or brain by diets or stroke. Because triheptanoin caused strong ketogenesis but only limited succinate formation, we conclude that triheptanoin's major action in the present study was not as an anaplerotic compound; rather, it served as a source of ketone bodies under ischemic conditions (Figures 1 and 2) . Concentrations of fumarate and malate, downstream products of succinate in the citric acid cycle, were unchanged by diets or stroke (data not shown). Citrate is the first metabolite of the citric acid cycle and is formed from oxalacetate and acetyl-CoA. To test whether increased acetyl-CoA and citrate formation played a role in energy metabolism under ischemic conditions, we measured citrate levels ( Figure 5 ). We found citrate levels to be higher in mice on the soybean oil diet, a finding that may be due to more acetyl-CoA for citrate synthesis being formed from fatty acids in the diet. Brain ischemia caused an increase of citrate levels in liver and brain of mice on the standard diet and equalized citrate levels between the 2 groups in all 3 compartments; therefore, an increase of citrate by the soybean oil diet was seen under basal conditions in liver and brain but not after stroke. In summary, we described massive hepatic ketogenesis induced by transient brain ischemia in mice fed fat-rich diets. The mechanism of ketone body formation involves badrenergic receptors, and ketogenesis is accompanied by low glucose concentrations as long as ischemia persists and BHB remains high. The formation of BHB during brain ischemia may be beneficial because BHB can be used as a brain fuel, avoiding the use of glucose and potentially dangerous lactate formation. Because BHB is considered neuroprotective, fat-rich diets may have neuroprotective properties in stroke-prone patients.
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